Abstract: Microsatellites or simple sequence repeats (SSRs) are highly polymorphic, codominant markers that have great value for the construction of genetic maps, comparative mapping, population genetic surveys, and paternity analyses. Here, we report the development and testing of a set of SSR markers derived from shotgun sequencing from Populus trichocarpa Torr. & A. Gray, a nonenriched genomic DNA library, and bacterial artificial chromosomes. Approximately 23% of the 1536 genomic clones and 48% of the 768 bacterial artificial chromosome subclones contained an SSR. Of the sequences containing an SSR, 72.4% contained a dinucleotide, 19.5% a trinucleotide, and 8.1% a tetranucleotide repeat unit; 26.6% of the sequences contained multiple SSR motifs in a complex or compound repeat structures. A survey of the genome sequence database revealed very similar proportional distribution, indicating that our limited rapid, shallow sequencing effort is representative of genome-wide patterns. In total, 492 primer pairs were designed and these yielded 77 markers that were mapped in an F 2 pedigree, including 26 that were sufficiently informative to be included in a Populus framework map. SSRs with GC-rich motifs mapped at a significantly higher frequency than expected, although AT-rich SSRs accounted for the majority of mapped markers due to their higher representation in the genome. SSR markers developed from P. trichocarpa showed high utility throughout the genus, with amplification rates in excess of 70% for all Populus species tested. Finally, at least 30% of the markers amplified in several willow species, suggesting that some of these SSRs will be transferable across genera.
Introduction
Microsatellite or simple sequence repeat (SSR) markers represent a rich set of abundant, highly polymorphic codominant markers that can be used in genetic fingerprinting and clonal fidelity applications (Smulders et al. 1997; Dayanandan et al. 1998; Rajora and Rahman 2003; Wyman et al. 2003) , genetic mapping and marker-aided selection procedures (Hearne et al. 1992; Echt et al. 1999; Cervera et al. 2001) , and assessments of genetic diversity and phylogeny (Chase et al. 1996; Schlotterer 2001) . Many types of SSRs have been shown to be preferentially associated with transcribed regions of several plant genomes (Morgante et al. 2002) and as such may provide a means of defining functional regions of anonymous genomes. Their discovery typically involves hybridization to create SSR-enriched genomic libraries followed by sequencing of selected clones and primer design based on 5′ and 3′ flanking sequence from the microsatellite-containing fragments (Karagyozov et al. 1993) . Taking advantage of the growing EST and genomic databases now publicly available, a more general approach using in silico identification, i.e., computational molecular biology, of repeats and their flanking regions has recently been explored (Toth et al. 2000; Temnykh et al. 2001; Morgante et al. 2002) .
In forest tree species, SSRs have been developed for Pseudotsuga menziesii (Mirb.) Franco (Slavov et al. 2004) , Pinus strobus L. (Echt et al. 1996) , Pinus radiata D. Don. (Devey et al. 1996) , Picea sitchensis (Bong.) Carrière (van den Ven and McNichol 1996) , and eucalyptus, to name a few. In Populus, several hundred SSRs have been identified using various approaches for Populus nigra L. (van der Schoot et al. 2000; Smulders et al. 2001) , Populus tremuloides Michx. (Dayanandan et al. 1998) , and Populus trichocarpa Torr. & A. Gray (Frewen et al. 2000) . These SSRs have been primarily derived from enriched genomic libraries and are predominantly simple, perfect di-and trinucleotide repeats of the (GC) n -(CG) n and (AG) n -(TC) n motifs. A motif is a reoccurring prominent sequence of repetitive DNA, including all frame shifts and complementary inverse sequences among the nucleotides within the repeat (as presented in Jurke and Pethiyagoda (1995) and Cardle et al. (2000) ). Complex and compound SSRs of any motif, and AT-rich motifs in any form, are currently unavailable in public Populus SSR databases.
By 2004, Populus will be the third plant species (after Arabidopsis and rice) to have its genome sequenced and will represent the first tree genome to be sequenced (Wullschleger et al. 2002) . As noted above, SSRs will be useful in uniting the genetic maps in Populus with the physical map and the sequence database. Linking each genetic map with the physical map will require the use of "framework" markers uniformly distributed across the genome. Correspondingly, SSRs associated with expressed regions will then be informative in quantitative trait locus and marker-aided selection applications.
The distribution and frequency of SSR motifs vary across intergenic, exonic, and intronic regions of genomes, with AT-rich repeats (those repeats containing two or more A and (or) T nucleotides per motif) found more often in noncoding regions and trinucleotide-and (or) GC-rich repeats (those repeats containing two or more G and (or) C nucleotides per motif) occurring more often in exonic regions (Toth et al. 2000; Temnykh et al. 2001; Morgante et al. 2002) . Thus, creating a database of primer pairs for an array of all SSR motifs would potentially provide superior coverage of a genome when compared with databases containing one or a few repeat motifs. In an effort to create such a resource, we attempted to identify and develop SSRs isolated from rapid, shallow sequencing of total genomic DNA from P. trichocarpa and from selected bacterial artificial chromosome (BAC) clones known to contain expressed sequences (Stirling et al. 2003) . The resulting SSRs were evaluated for their utility in genetic mapping in a hybrid poplar family and in interspecific amplification among members of the Salicaceae family, including Populus and Salix.
Materials and methods

Sequencing templates
Random genomic DNA
Ten micrograms of P. trichocarpa genomic DNA, extracted from leaf tissue of the female clone '93-968', was digested with PstI (New England Biolabs, Beverly, Mass.) based on procedures by Roder et al. (1998) , cloned into the PstI site of pBluescript KSII+ plasmid (Stratagene, La Jolla, Calif.), and transformed into Escherichia coli DH5α using a standard protocol (Life Technologies, Bethesda, Md.). Plasmids were purified from bacterial cultures using the Qiaprep 96 Turbo Miniprep Kit (Qiagen, Valencia, Calif.) in preparation for sequencing. SSRs isolated from these plasmids are hereafter referred to as the "ORNL random fragment" data set.
Bacterial artificial chromosome DNA
The BACs used for this study were selected from a 10× library from P. trichocarpa clone 'Nisqually-1' (Stirling et al. 2001) . DNA from Populus BACs 2c5, 12c14, 16j18, 6k8, 41g18, 46e14, 47m20, and 71j23 was purified for shotgun sequencing using the Qiagen Plasmid Mega Kit followed by two cesium chloride -ethidium bromide gradient centrifugation steps. The purified BAC DNA was sheared to an average size of 1 kb with a HydroShear (Gene Machines, San Carlos, Calif.), treated with T4 DNA polymerase (New England Biolabs) to make blunt ends, purified with QIAquick spin columns (Qiagen), and subcloned into the EcoRV site of pBluescript II KS+ (Stratagene). Subcloned plasmids were purified as described above. SSRs isolated from these plasmids are hereafter referred to as the "ORNL BAC fragment" data set.
Microsatellite discovery and development
Sequencing protocol
BigDye TM Terminator (Applied Biosystems, Foster City, Calif.) cycle sequencing reactions were performed on a GeneAmp PCR System 9700 using modified T7 (5′-AATACGACTCACTATAGGGC-3′) or T3 (5′-AATTAA-CCCTCACTAAAGGG-3′) universal primers (Invitrogen, Carlsbad, Calif.), ethanol precipitated, denatured in HiDi formamide, and sequenced on an ABI PRISM 3700 DNA analyzer following the manufacturer's standard protocols (Applied Biosystems).
Sequence analysis and primer design
Base calling of the ABI trace files and assignment of quality scores were performed with Phred (Ewing et al. 1998) . Sequencher (CodonCodes) was used to trim and edit the sequences. SSR motifs were identified using Finrep, a C program for finding mono-, di-, tri-, and tetranucleotide repeats (written by S. Leonardi We screened the sequence data sets 500 bp or longer for motifs of two to four bases repeated at least four times; the minimum number of nucleotides per repeat was thus eight bases. We then placed potential repeat motifs into 14 classes: four classes for the dinucleotide repeats (i.e., (AT) n -(TA) n , (AG) n -(TC) n , (AC) n -(GT) n , and (GC) n -(CG) n ) and 10 classes for the trinucleotide repeats (i.e., (AAT) 
TGG) n , and (GGC) n -(CGC) n ) based on Jurke and Pethiyagoda (1995) . Because the tetranucleotide repeats were relatively rare, these repeats were considered as individual motifs and were not placed into classes. All potential repeats were also classified as (1) simple perfect, consisting of a single repeat of n units, (2) compound perfect, consisting of two or more alternate tandem repeats of n units each, or (3) complex imperfect, consisting of repeats that either (i) varied in motifs by a single unit (e.g., ATATATTATAT), (ii) consisted of alternate repeat motifs interspersed within a single region (e.g., ATATGCCGCCATAT), or (iii) consisted of two simple perfect motifs separated by nonrepeating sequences of variable length (e.g., ATATAT N n GCGCGC). Primers were numbered sequentially and prefixed ORPM (Oak Ridge Populus microsatellite).
Microsatellite primer screening
PCR protocols and SSR products
Primers were initially screened for segregating polymorphisms using the P 1 and F 1 individuals from the interspecific hybrid F 2 family 331 derived from female P. trichocarpa clone '93-968' × male P. deltoides clone 'Ill-129' (Bradshaw and Stettler 1995) . Primers passing this screen were used to genotype a subset of 44 progeny from this family. Genotyping was performed using either FAM or HEX 5′-labeled oligonucleotide primers (Operon Technologies, Inc., Alameda, Calif.). Reaction mixtures contained 25 ng of DNA, 50 ng of each SSR primer, 200 µmol/L dNTPs, 0.5 U Taq DNA polymerase/µL (Promega Corp., Madison, Wis.), 10 µmol/L Tris-HCl (pH 8.3), 50 mmol/L KCl, 2.0 mmol/L MgCl 2 , 0.01% gelatin, and 0.1 mg bovine serum albumin/mL. Amplification conditions on a GeneAMP 9700 thermocycler (Applied Biosystems) included an initial denaturation step at 94°C for 45 s followed by 30 cycles of 94°C for 15 s, 50-55°C for 15 s, and 72°C for 1 min and concluded with a 5-min extension at 72°C. Reaction products were diluted up to 1:200, denatured in HiDi formamide containing a 400-bp ROX standard (Applied Biosystems), and processed on the ABI Prism 3700 DNA analyzer. GeneScan version 3.5 was used for size calling of raw alleles based on the internal standard and Genotyper version 3.5 was used to visualize and assign alleles to categories for scoring purposes. The resulting data tables were further processed by PERL scripts (available at http://www.esd.ornl. gov/PGG/scripts.htm, August 2003) to infer inheritance of each allele. Scored data were analyzed for differences in frequency and distribution among motifs and repeat classes using a contingency χ 2 test at α ≤ 0.05 and were exported for input into MapMaker (Lander et al. 1987 ) as a means of determining inheritance and novel mapping value.
Microsatellite mapping
Genetic segregation data from the above SSR primers and other genetic markers (provided by H.D. Bradshaw) were used to construct a genetic map from the subset of F 2 progeny from family 331. Individual male and female maps were first constructed for each F 1 using MapMaker (Lander et al. 1987) . Markers were assigned to linkage groups at a logarithm of the odds minimum threshold of 5 and a maximum recombination fraction of 0.30. Using common markers, the F 1 maps were visually aligned and checked for colinearity and then integrated into a single sex-average map using JoinMap (Stam 1993) . Details of map construction followed those outlined for an outbred pedigree in Sewell et al. (1999) .
Species screening
The genus Populus consists of six sections (Eckenwalder 1996) : Abaso Eckenwalder, Leucoides Spach, Aigeiros Duby, Turanga Bunge, Tacamahaca Spach, and Populus Eckenwalder. To test the utility of the SSR primers developed from P. trichocarpa, we selected reference species based on Eckenwalder's (1996) phylogenetic treatment. The commercial and ecological importance of reference species was also taken into consideration in our selection for this study (Table 1) . Five species of Salix were also included to determine the general utility of the Populus markers in willows.
For each species, total genomic DNA from a single genotype was isolated from young leaf tips using the Qiagen DNeasy Plant Mini Kit. We randomly selected 49 mapped and 48 unmapped SSR loci for testing. Polymerase chain reaction (PCR) products were scored as dominant markers based on expected SSR size within the resolution of a 1.5% agarose gel, i.e., amplification occurred or it did not. These bands were not isolated or sequenced, and thus, SSR synteny was simply inferred. A positive control (P. trichocarpa clone '93-968', which yielded the expected product) and a negative control (all reaction components minus the DNA template, which yielded no product) were used for each set of reactions. Percent amplification across taxa and correlations among subgenera across all taxa were carried out on the derived data. All statistical tests were performed at α ≤ 0.05.
Populus genome sequence searches
We used the FinRep program to identify microsatellites in the Populus genomic sequence data released by the Joint Genome Institute (JGI) (http://genome.jgi-psf.org/poplar0/ poplar0.home.html, August 2003). The data were derived by shotgun sequencing of two random insert libraries (average insert size of 3 and 8 kb). The data set consisted of 4 695 113 sequence reads and 3.74 Gb of draft-quality sequence. If the Populus genome is between 480 and 520 Mb, then this sequencing depth represents roughly 5.0-5.5× coverage. SSRs isolated from this resource are hereafter referred to as the "JGI random fragment" data set.
Results and discussion
Microsatellite characterization
Approximately 23% of the ORNL random fragments contained at least one SSR motif that was greater than or equal to four di-, tri-, or tetranucleotide repeat units in length. A total of 1536 PstI clones representing approximately 1.5 Mb (overlap unknown) of the P. trichocarpa genome contained 627 distinct repeats. In addition, 768 sequences from the ORNL BAC fragments, representing~434 kb in 456 contigs with minimal overlap, contained 370 distinct repeats. Of these 997 potential SSRs, 492 had sufficient flanking sequence to design amplification primers. Of these 492, 72.4% corresponded to dinucleotide repeats, with the (AT) n -(TA) n motif being the most common (31.4% of the total), (AG) n -(TC) n being the next most common motif (26.5%), (AC) n -(GT) n the next (14.3%), and (GC) n -(CG) n being the least common motif (<1.0%) (Fig. 1A) . Within the 492 SSR collection, 19.5% of the primer pairs corresponded to trinucleotide repeats and 8.1% corresponded to tetranucleotide repeats. Of the trinucleotide repeats, the (AAT) n -(TAT) n motif was the most common (8.3% of the total) followed by (AAG) n -(TCT) n at 3.9%, (AGG) n -(TCC) n and (ACG) n -(TCG) n at~2.0%, and all others at <1.0% (Fig. 1B) . The ratio among the di-and trinucleotide motifs detected in the ORNL random fragment and ORNL BAC fragment data sets is nearly identical to the ratios contained in the genomewide JGI random fragment data set, with the exceptions of the (AG) n -(TC) n repeat in the ORNL random fragment data set being slightly more abundant (26.5% versus 23.8%) and all trinucleotides being slightly less abundant (19.9% versus 23.1%) in the ORNL random fragment data set when compared with the JGI random fragment data set (Table 2 ; Fig. 1 ). Just over 70% of the repeats in the ORNL random fragment and ORNL BAC fragment data sets were simple perfect repeats; the remaining SSRs were compound perfect (6.5%) or complex imperfect (20.1%) repeats. (Note that the total number of di-, tri-, and tetranucleotide repeats is larger than the total number of SSRs because of the multiple repeat motifs found in the compound and complex classes. There were 544 distinct SSR motifs among the 492 primer pairs.)
The longest SSR in the random survey, ORPM_224, contained 52 repeat units in a compound perfect microsatellite, [TC] 18 [AT] 34 (Table 2 ; Fig. 2 ). The mean number of repeat units across all motifs and repeat classes was seven, with the mode being four. The mean number of repeat units decreased as the size of the repeat motif increased in all databases (Table 2) . Remarkably, the longest perfect repeat in the JGI data set was [AT] 351 (Table 2) . A complete listing of the 492 SSR primer sequences and repeat structure in the ORNL data sets is available from the International Populus Genome Consortium Web site (http://www.ornl.gov/ipgc/ Links.htm, August 2003).
Comparisons among studies designed to identify SSR markers are difficult to make because of differences in (i) marker frequency among species, (ii) SSR designation (e.g., minimum repeat numbers, inclusion of mononucleotides, etc.), and (iii) isolation and characterization protocols (e.g., in silico genomic and EST sequence databases versus enrichment approaches). Still, insights may be drawn by making such comparisons. Using enrichment approaches in P. nigra, van der Schoot et al. (2000) found that 16% of the clones in the dinucleotide library contained SSRs, whereas only 2%-7% of the clones in the mixed diand trinucleotide libraries contained SSRs. Dayanandan et al. (1998) , working with P. tremuloides, found that only 1% of the probed clones contained either di-, tri-, or tetranucleotide repeats. In all previous studies, the absolute frequencies of SSR occurrence are lower than those reported here using an in silico approach, although the proportional decrease from di-to tri-and tetranucleotides is similar among all Populus reports. The differences among studies in SSR abundance are partially because of disparities in approach and to some degree a less stringent threshold for minimum number of nucleotides in a repeat used in the current study, i.e., 24 in van der Schoot et al. (2000) and 12 in Dayanandan et al. (1998) versus 8 in the current study. Cardle et al. (2000) reported an SSR every 14 kb in the pub- Fig. 1 . Variation in microsatellite occurrence among all sampled SSRs from a small-scale sequence survey (Oak Ridge National Laboratory (ORNL)), a comprehensive genomic sequencing effort (Joint Genome Institute, (JGI)), and those SSRs that were placed on a genetic map for a Populus trichocarpa × Populus deltoides F 2 pedigree. Note that the motif class includes all equivalent base repeats, e.g., AG is analogous to (AG) n -(TC) n and includes AG, GA, CT, and TC repeats. (A) Dinucleotide motifs; (B) trinucleotide motifs.
licly available Populus EST database available at the time of publishing. Across all motifs and repeat units, we found approximately one SSR every 4 kb of draft sequence.
In rice, Temnykh et al. (2001) reported one simple perfect SSR per 40 kb of random genomic DNA based on in silico surveys of BAC-end sequences available at the time. In examining the Arabidopsis EMBL database available in 2000, Cardle et al. (2000) reported an average of one SSR per 6.0 kb across all di-, tri-, and tetranucleotide repeats, with dinucleotide repeats being slightly more common than trinucleotide repeats, which were substantially more common than tetranucleotide repeats. A similar distribution pattern was reported by Katti et al. (2001) . In Arabidopsis, the most common dinucleotide motif was (AT) n -(TA) n and the most common trinucleotide motif was (AAG) n -(TCT) n (Cardle et al. 2000) , although this distribution varied between genomic and EST-based data sets. Morgante et al. (2002) reported a higher proportion of (AG) n -(TC) n motifs in transcribed regions of the Arabidopsis genome, substantiating earlier claims by Toth et al. (2000) , Cardle et al. (2000) , and Katti et al. (2001) . Across all reports, it appears that (AT) n -(TA) n motifs are most frequently associated with intergenic regions of the genome and the trinucleotide repeats are found more frequently in expressed regions, with (AAG) n -(TCT) n and (AAC) n -(TGT) n more common in 5′ and 3′ untranslated regions. These observations are similar to the results presented here in that the SSR distributions of diand trinucleotides for Arabidopsis and Populus are the same.
Inheritance and mapping of SSRs
All 492 primer pairs that produced PCR products were evaluated for inheritance using the parents and grandparents of an F 2 pedigree, family 331. Of these potential SSRs, 194 revealed heterozygous loci in one or both of the P 1 genotypes. Of these 194 primer pairs, 67 produced PCR products that segregated according to Mendelian expectations in the tested F 2 progeny. Note that some primer pairs produced multiple independent loci. In total, then, 77 SSR loci were placed on the Populus family 331 genetic map that formerly included other codominant and dominant markers. Fifty-six of these SSRs were fully informative, 6 maternally informative, 16 paternally informative, and 4 intercross informative. These 77 markers mapped across the genome on each of the 19 Populus chromosomes. Among these 77 markers, 26 markers contributed to the existing Populus framework map (Table 3) . Sequences of flanking regions surrounding the repeat motif of each SSR marker placed on the framework map are available from GenBank (http://www.ncbi.nlm.nih. gov/) and are assigned accession numbers AY497381-AY497406. The proportional loss of useful SSR markers from initial sequence identification through amplification to mapped polymorphic SSR loci in this study (84%) Note: Only perfect repeats were identified for the JGI data, whereas simple, complex, and compound repeats were characterized in the smaller ORNL data set. N is the total number of observed repeats (some complex repeats may be counted more than once for the comprehensive ORNL database because of complex and compound motifs of varying size), Mean is the mean number of repeat units observed, and Max is the maximum number of repeat units observed. Table 2 . Number and sizes of SSRs discovered in the Joint Genome Institute (JGI) and Oak Ridge National Laboratory (ORNL) sequence data sets. Fig. 2 . Distribution of microsatellites across repeat units for all di-, tri-, and tetranucleotide motifs detected in Populus trichocarpa sequencing surveys. The Oak Ridge National Laboratory (ORNL) data are based on 493 SSRs and include both perfect and imperfect repeats, while the Joint Genome Institute (JGI) data comprise 310 491 SSRs and include only perfect repeats.
identical to the average reported by Squirrell et al. (2003) for 71 plant species (83%).
Among the 77 mapped SSR markers, there were no significant differences in the frequency of di-, tri-, and tetranucleotide markers in the total SSR pool and the proportion that were placed on the genetic map (χ 2 = 1.42, df = 2, p > 0.05). However, a significantly higher than expected proportion of the simple perfect SSRs were placed on the genetic map when compared with the compound perfect or complex imperfect classes of markers (χ 2 = 17.96, df = 2, p ≤ 0.001). Likewise, a significantly higher than expected proportion of the SSRs with eight or more repeat units were placed on the map compared with SSRs with seven or fewer repeat units (χ 2 = 792.56, df = 1, p ≤ 0.0001). These results suggest that among the SSRs detected in this study, the simple SSRs and SSRs of seven repeat units or greater are more polymorphic in Populus than are the compound or shorter SSRs.
Among the dinucleotide repeats, the (AT) n -(TA) n motif produced the largest number of mapped markers (Fig. 1) , although the (AG) n -(TC) n motif had significantly more mapped repeats than expected (χ 2 = 278.87, df = 3, p ≤ 0.0001). Similarly, among the trinucleotide repeats, the (AAT) n -(TAT) n motif produced the largest number of mapped markers (Fig. 1B) , whereas the (AGC) n -(TGC) n motif produced significantly more mapped repeats than expected (χ 2 = 78.94, df = 9, p ≤ 0.0001). This disproportional difference among motifs was unexpected. There should have been more mapped AT-rich repeats, given that they were more abundant and have been shown to be more polymorphic. Alternatively, AT-rich repeats tend to mutate more frequently and have inherent problems during PCR that may explain their lower representation in the mapped population. Temnykh et al. (2001) have reported similar results in rice.
For the general purposes of generating genetic maps, SSRs associated with either transcribed or nontranscribed portions of the genome are equally valuable. However, for quantitative trait locus studies or marker-aided selection, SSRs within transcribed regions of the genome will have greater utility. Alternatively, SSRs associated with intergenic space will be more constructive when linking a genetic map with (i) physical maps or (ii) random draft genomic sequences where uniform, dispersed SSR distribution would be vital. The in silico approach used in this study produced microsatellites that should be useful in both general genetic mapping and physical mapping scenarios.
Utility of SSRs in other species
Because of their demonstrated inheritance and their reported value in genetic studies, we tested the capacity of a random selection of SSR primers to yield PCR products in several alternative Populus and Salix species. All tested SSR primer pairs generally displayed high frequency of amplification within and across sections at the subgenus level within Populus. There was particularly high amplification frequency within the Tacamahaca, Leucoides, and Aigeros sections, with 80%-99% of all tested primers yielding product followed by Populus at 70%-80% and then by Turanga at~70%. In Salix, the frequency of amplification was predictably lower, ranging from 40% to 50%, except in Salix integra Thunb., in which only 30% of the P. trichocarpa SSR primers yielded amplified product. A χ 2 test for independence for amplification frequency among species within the same sections illustrated that species in the section Tacamahaca displayed significantly higher amplification than expected (χ 2 = 10.68, df = 4, p ≤ 0.03), most likely because the SSRs were derived from a member of the section, P. trichocarpa. The section Populus, represented by P. tremuloides, Populus alba L., Populus grandidentata Michx., Populus tomentosa Carrière, Populus adenopoda Maxim., Populus davidiana (Dode) Schneider, and Populus canescens (Ait.) Smith, showed significantly lower amplification frequency than expected. As with rice (Temnykh et al. 2001) , and as has been suggested by Schlotterer (2001) , amplification frequency appears to vary in concert with genetic relatedness among taxa. Therefore, it should be possible to predict the utility of these primers based on genetic distance from P. trichocarpa.
Conclusions
SSRs appear to be abundant in the Populus genome and can therefore be efficiently isolated via random shotgun sequencing. Such an approach resulted in a mix of SSR types with an accompanying variety of marker characteristics. Furthermore, our results from the ORNL BAC fragments suggest that targeting regions known to contain expressed sequences may increase the efficiency of SSR isolation, in keeping with observations that SSRs tend to be associated with low-copy DNA and coding regions in other species (Morgante et al. 2002; Toth et al. 2000; Cardle et al. 2000; Katti et al. 2001 ). The relatively small-scale shotgun sequencing effort (~0.004×) yielded results that were highly concordant with those obtained with comprehensive shotgun sequencing of the entire genome (~5.2×), suggesting that the microsatellite contents of other species could be well characterized with very shallow shotgun sequencing. In addition, the frequency of amplification of the discovered markers across other Populus species suggests that they will prove useful across the genus as well as among species from other closely related genera. As expected, the priming sites are often unique and highly conserved sequence tags, boding well for comparative mapping. Finally, these SSR markers should serve as the primary bridge connecting the genome sequence of P. trichocarpa to genetic improvement programs of many other tree species.
